Purpose To evaluate DNA synthesis and epigenetic modification in mouse oocytes during the first cell cycle following the injection of human or hamster sperm. Methods Mouse oocytes following the injection of human and hamster sperm and cultured in M16 medium. Results Male and female pronucleus formation, DNA synthesis, histone protein modification, and heterochromatin formation were similar in mouse oocytes injected with human or hamster sperm. However, DNA methylation patterns were altered in mouse oocytes following human sperm injection. Immunocytochemical staining with a histone H3-MeK9 antibody revealed that human and hamster sperm chromatin associated normally with female mouse chromatin, then entered into the metaphase and formed normal, two-cell stage embryos. Conclusions Although differences in epigenetic modification of DNA were observed, fertilization and cleavage occurred in a species non-specific manner in mouse oocytes.
Introduction
The intracytoplasmic sperm injection (ICSI) technique is a powerful approach that can be used for studies in animal models to analyze fertilization processes and assisted human reproduction. Recently, injection of human sperm into mouse or rabbit oocytes has been used in studies relevant to assisted human reproduction [1, 2] . Successful two-cell division of mouse oocytes following the injection of human sperm has been observed [3] . However, it is not clearly understood whether cell cycle processes, epigenetic modification of male chromatin, metaphase entry, and cellular cleavage are maintained during interspecies fertilization by sperm injection.
During conventional in vitro fertilization, DNA replication is observed immediately after pronuclear formation, and it starts uniformly in both the male and female pronuclei in the intranuclear region and then in the peripheral regions of the nucleus and nucleolus [4] . In the mouse, single-cell embryos fertilized in vitro initiate DNA synthesis 6-8 h after insemination, and S phase lasts for 6-8 h [5] . In contrast, in human embryos DNA synthesis begins about 12 h after fertilization [6] . This difference in DNA synthesis onset may be due to cell cycle differences during mouse and human fertilization. In fact, two-cell cleavage is observed 14-15 h after ICSI in the mouse [7] and about 24 h after ICSI in human cells [8] . Although some information about pronuclear DNA replication is available for conventional mouse and human fertilization, little is known about the time of onset and end of replication in the mouse ICSI model following mouse or human sperm injection.
After sperm introduction into oocytes, the highly condensed sperm chromatin undergoes extensive nuclear remodeling and protamine-histone exchange, unlike nucleosomal maternal chromatin [9] . It is well known that several epigenetic modifications are involved in this reprogramming [10, 11] . The first observed epigenetic modifications of nucleosomal histones, including acetylation, methylation, phosphorylation and ubiquitination, are important chromatin alterations that broadly regulate gene transcription and silencing [12] [13] [14] . Modification can occur at several amino acid residues; a notable example is lysine 9 of histone H3 (H3K9), which can be acetylated or methylated [15] . In mouse zygotes, methylated H3K9 is distributed asymmetrically between the maternal and paternal pronuclei [16] [17] [18] [19] [20] , but acetylated H3K9 is uniformly distributed in parental pronuclei shortly after fertilization [21, 22] . HP1, a heterochromatin protein 1 that interacts with methylated H3K9, is a component of silent chromatin at telomeres and the centrosome [23] .
DNA methylation of genomic CpG dinucleotides is a major epigenetic modification, and it is associated with the repression of transcription and plays a key role in embryogenesis by silencing specific genes during development and differentiation. In mouse zygotes, the paternal genome undergoes active DNA demethylation shortly after fertilization, while maternal genomic DNA remains methylated throughout the first mitotic cycle [24, 25] . In contrast, paternal DNA demethylation cannot be detected in sheep, rabbit and goat zygotes [26] [27] [28] . Beaujean et al. [9] used interspecies sperm injection between mouse and sheep to show that sperm demethylation in the mouse is not dependent on the oocyte environment. Therefore, paternal demethylation appears to vary among species and the underlying mechanism is still unclear.
In most animals, the penetrating sperm introduces paternal centrosome as well as genetic material into the egg. The paternal centrosome organizes a functional microtubular aster called sperm aster in combination with the maternal centrosomal components [29] . Previous results showed that the sperm aster lead to union of male and female pronuclei and to the formation of spindle for the first cell division [30] [31] [32] [33] . In contrast, mouse gametes do not follow the paternal patterns of centrosome inheritance during fertilization. In the mouse, maternal-derived microtubules appeared to move both male and female pronuclei into the center of the oocyte. Previously, normal fertilization can be achieved by injecting isolated sperm heads into oocytes in the mouse [34] , cattle [35] , rabbit [36] , human [37] , and pig [38] . This suggests that complete fertilization does not require all sperm components including the sperm centrosome.
To address whether DNA synthesis and epigenetic modification are influenced by maternal components in mouse oocytes following interspecific sperm injection, we compared pronuclear formation, DNA synthesis, the methylation and acetylation patterns of H3K9, HP1-β localization, DNA methylation, and microtubule formation in mouse oocytes following injection of mouse, human, or hamster sperm. To confirm the incorporation of mouse, hamster and human sperm chromatin into zygotes capable of entering the first mitotic metaphase and undergoing two-cell division, we also used immunocytochemical staining with the histone H3-MeK9 antibody, which differentially visualizes male and female chromatin.
Materials and methods

Preparation of mouse oocytes
Female B6D2F1 mice, 8-10 weeks of age, were induced to superovulate by i.p. injection of 5 IU Pregnant Mare Serum Gonadotrophin (PMSG, INTERVET) followed 48 h later by i.p. injection of 5 IU human Chorionic Gonadotrophin (hCG, INTERVET). Mature oocytes were collected from oviducts 14-15 h after hCG injection and freed from cumulus cells by a 3-min treatment with 0.1% bovine testicular hyaluronidase (Sigma, St. Louis, MO) in M2 (Sigma) medium. The cumulus-free oocytes were thoroughly rinsed and kept in M16 (Sigma) medium before ICSI for up to 3 h at 37°C.
Preparation of spermatozoa and ICSI procedure
Preparation of spermatozoa of mouse, hamster and human was followed by previous work [1, 9, 39] . Except that dense sperm masses from the cauda epididymides of the mouse and hamster were placed at the bottom of a 1.5-ml centrifuge tube containing 300 μlM2 medium. The supernatant containing actively motile spermatozoa was then transferred to 500 μl microtubes and stored in liquid nitrogen (LN2). In hamsters, acrosomes were disrupted by freeze-thawing spermatozoa without cryoprotection [1] . ICSI was carried out according to Kimura and Yanagimachi, using a piezoelectric micropipette actuator [40] . A single mouse spermatozoon was drawn tail first into an injection pipette, and the head was separated from the tail by applying a few piezo (PrimeTech; Ibaraki, Japan) pulses to the neck region. A straw (0.5 ml) of human spermatozoa was thawed in a 37°C water bath for 1 min. Thawed human semen were placed at the bottom of a 1.5-ml centrifuge tube containing 500 μl phosphate-buffered saline (PBS) and then frozen and sonicated for 5 min to isolate sperm heads, which were immediately injected into oocytes.
Activation
Following sperm injection, the injected oocytes were activated by 10 mM SrCl 2 in Ca 2+ -free CZB [41] medium for 40 min and cultured in M16 medium.
Indirect immunofluorescence and scanning confocal microscopy
For histone modification detection, embryos at different developmental phases generated by ICSI were washed in PBS containing 0.1% polyvinyl alcohol (PBS-PVA), fixed for 20 min in 3.7% paraformaldehyde in PBS, and permeabilized with 0.2% Triton X-100 in PBS-PVA for 30 min at room temperature. The fixed embryos were incubated in a blocking solution (0.1 M glycine, 1% FBS, 0.01% Triton X-100, 1% powdered milk, 0.5% BSA, 0.02% sodium azide) for 1 h at 37°C and incubated with appropriate primary antibodies diluted in PBS-PVA at 37°C for 90 min. The antibodies and the dilutions used were as follows: mouse monoclonal anti-acetyl lysine 9 of histone H3 (H3-AceK9, Abcam 12179) antibody (1:100), rabbit anti-dimethyl lysine 9 in histone H3 (H3-MeK9, Cell Signaling 9,753 L) antibody (1:100), mouse anti-HP1-β (Chemicon, MAB3448) antibody (1:100), and mouse anti α-tubulin (Sigma) antibody (1:100).
For detection of DNA replication, embryos created by intracytoplasmic sperm head injection were cultivated in M16 containing 100 mM 5-bromo-2'-deoxyuridine (BrdU, Sigma; B9258) at 37°C in a humidified atmosphere of 5% CO 2 in air. Embryos were then fixed with 3.7% paraformaldehyde and 0.5 N NaOH in PBS for 15 min at room temperature. They were next incubated for 1 h with a mouse anti-BrdU monoclonal immunoglobulin G (IgG) (Sigma; B2531) antibody diluted 50-fold with PBS.
After extensive washing in PBS-PVA containing 0.5% Triton X-100 and 0.5% BSA, the embryos were incubated in a blocking solution for 1 h at 37°C and labeled with a secondary FITC-conjugated (Invitrogen) antibody diluted 1:100 for 1 h at 37°C. The nuclear status of embryos was evaluated by staining with 1 μg/ml Hoechst 33,342 for 40 min. Following extensive washing, samples were mounted on slides.
For detection of DNA methylation, embryos were fixed in 3.7% paraformaldehyde in PBS for 30 min at 4°C, washed three times in PBS-PVA, and then permeabilized with 0.25% Triton X-100 in PBS-PVA for 1 h at room temperature. The embryos were treated with 2 N HCI for 40 min at room temperature and 100 mM Tris-HCI buffer (pH 8.0) [42] , for 30 min at room temperature, and were then blocked in 5% BSA-PBS for 1 h. An anti-5-methylcytosine (Calbiochem; NA81) antibody (1:200) were incubated in the blocking solution for 2 h at 37°C, followed by several washes in PBS-PVA. After extensive washing, oocytes were stained with FITC-conjugated (Invitrogen) antibody (1:400) for 1 h at 37°C, followed by several washes. The nuclear status of embryos was evaluated with 10 μg/ml propidium iodide (PI, Sigma) for 1 h. Following extensive washing, the samples were mounted on slides.
Slides were examined using laser-scanning confocal microscopy, with a Leica DM IRB equipped with a krypton-argon ion laser for the simultaneous excitation of protein fluorescence and of PI or Hoechst 33,342 for DNA detection.
Statistical analysis
The general linear models procedure in the Statistical Analysis System [43] was used to analyze data from all experiments. Significant differences were determined using Tukey's multiple range test [44] and P<0.05 was considered significant.
Results
Male and female pronuclear formation was determined in mouse oocytes after 6 h following injection with mouse, hamster, or human sperm. Pronuclear formation and two cell divisions were observed for zygotes created with mouse, hamster, or human sperm, and more than 90% of the surviving injected eggs showed signs of normal fertilization. However, interspecies embryos were arrested at two cell stage (Table 1) .
DNA replication after mouse sperm injection was evaluated by BrdU incorporation into pronuclei (Fig. 1) . Replication was first observed in both male and female pronuclei 5 h after ICSI (Fig. 1B1-3) . At this time, DNA synthesis was seen in peripheral areas of male and female pronuclei ( Fig. 1B-2) . From 6 to 10 h after ICSI, DNA synthesis was detected throughout both pronuclei ( Fig. 1C1-3) . At 12 h, incorporation of BrdU was not evident in either male or female pronuclei (Fig. 1D1-3 ).
These observations were similar to those made for embryos created by injection with hamster or human sperm. We investigated the H3K9 acetylation and methylation status of mouse, hamster and human sperm injected into mouse oocytes by immunocytochemistry (Fig. 2 ). When examined 6 h post-ICSI, reconstructed embryos produced by intra-and inter-specific ICSI procedures were similar, in that H3K9 was hyperacetylated in both parental pronuclei (Fig. 2A2, B2 and C2), but dimethylated H3K9 was asymmetrically distributed and, compared to the maternal pronucleus, the paternal pronucleus was not stained (Fig. 2A3, B3 and C3) .
We then examined the localization of HP1-β produced in ICSI intra-and inter-specific zygotes (Fig. 3) . As a reflection of chromatin organization, HP1-β was expressed 6 h after ICSI with mouse, hamster and human sperm (Fig. 3A2, B2 and C2 ).
As shown in Fig. 4 , the DNA methylation levels of the mouse and hamster paternal pronuclei in mouse oocytes were very similar, and 5-methyl-cytosine staining was not observed in paternal pronuclei 10 h after ICSI. However, DNA methylation persisted at least 10 h after mouse oocytes were injected with human sperm (Fig. 4C2) .
Microtubule organization and chromatin configuration in mouse zygotes after ICSI with mouse, hamster, or human sperm are shown in Figs. 5 and 6. Immunofluorescencestaining with the H3-MeK9 antibody allowed visualization of female chromatin. A normal mitotic metaphase and two cell divisions took place in mouse oocytes after ICSI with mouse, hamster, or human sperm.
Discussion
The microsurgical injection of a single spermatozoon into an oocyte, commonly called intracytoplasmic sperm injection or ICSI, has become the method of choice for the treatment of Fig. 1 Localization of DNA replication sites in single-cell embryos created by injection of mouse oocytes with mouse sperm. Embryos were fixed at various time after ICSI (4, 5, 10 and 12 h) and stained with Hoechst 33342 (blue; A1, B1, C1 and D1) to detect nuclear DNA, and with an FITCconjugated secondary antibody to detect anti-BrdU labeling (green; A2, B2, C2 and D2) Fig. 2 Reprogramming of H3K9 acetylation and methylation in embryos derived from mouse, hamster and human sperm injected into mouse oocytes. Embryos were fixed 6 h after injection and immunostained with antibodies against H3-AceK9-(red) and H3-MeK9-labeled (green) secondary antibodies. DNA was stained with Hoechst 33,342.
Both parental pronuclei derived from mouse oocytes injected with mouse, hamster, or human sperm (A2, B2 and C2) were positively stained for H3-AceK9. The two parental pronuclei were asymmetrically stained for H3-MeK9; the paternal pronucleus (marked by a dashed white circle) showed no staining (A3, B3 and C3) Fig. 3 Appearance and localization of HP1-β in zygotes derived from mouse, hamster and human sperm injected into mouse oocytes. Embryos were examined 6 h after ICSI by immunostaining with an HP1-β antibody (green; A2, B2 and C2). DNA was stained with Hoechst 33,342 (blue; A1, B1 and C1). HP1-β is detected in both pronuclei for mouse eggs after ICSI with mouse, hamster and human sperm Fig. 4 Reprogramming of DNA methylation in zygotes derived from mouse, hamster and human sperm injected into mouse oocytes. Ten-hour embryos were stained with an anti-5-methylcytosine (5-MeC) antibody (green; A2, B2 and C2) antibody to detect DNA methylation and propidium iodide (PI) for nuclear DNA (red; A1, B1 and C1) Fig. 5 Laser scanning confocal microscopic images of microtubules, H3K9 methylation and chromatin are shown at the metaphase stage of mouse zygotes after ICSI with mouse, hamster and human sperm. Metaphase chromatin from mouse oocytes after ICSI with mouse (A1-A4), hamster (B1-B4) and human (C1-C4) sperm was seen in half of the chromatin stained with H3-MeK9. All images are labeled for microtubules (green), DNA (blue) and H3-MeK9 (red) severe male factor infertility and the unexplained total failure of fertilization [45] . In the present study, we used a mouse model to analyze fertilization, DNA synthesis, epigenetic modification, metaphase entry and cell division in inter-and intra-specific embryos. The zygote which was got from ICSI may be different with the one in natural fertilization. It is difficult to compare the difference between the natural fertilization and ICSI, because the timing of natural fertilization is difficult to examine. Natural fertilization, which initiates a series of intracellular calcium ([Ca   2+ ]) oscillations, releases oocytes from the MII arrest, and by reduced activity of maturation-promoting factor (MPF) and mitogen activation promoter factor (MAPK). Strontium also increased intracellular calcium concentrations; it caused multiple and periodic calcium oscillations. Efficient oocyte activation was obtained with strontium in oocytes from mice [46] , pigs [47] , and cows [48, 49] . Moreover, several study reported that oocytes activated using chemical substances or electroporation after ICSI [50] [51] [52] . Especially, in mice, oocytes injected with spermatozoa and treated with SrCl 2 resulted in normal fertilization (92.9%) and good offspring rate (49.2%) of transferred embryos [50] . So we set the control group which injected with mouse sperm and then activated SrCl 2 .
To address whether pronuclei from interspecific sperm are functional in mouse oocytes and whether maternal DNA synthesis takes place, we monitored pronuclear formation and replication in mouse oocytes following injection with mouse, hamster, or human sperm. Previous studies of interspecific ICSI in pig [51, 52] and mouse oocytes found that male and female pronuclei successfully formed [53] . We found here that the incidence of male and female pronucleus formation was the same following the injection of mouse oocytes with mouse, human or hamster sperm. We also observed that DNA replication following mouse, human, or hamster sperm injection began in every instance at about 5 h and that normal male and female pronuclei formed 12 h after sperm injection. These observations suggest that the formation of functional pronuclei is not a species-specific process. Although the duration of the first cell cycle is about 15 h in the mouse and 24 h in human fertilization, DNA synthesis initiated and completed at the same time in mouse oocytes following mouse or human sperm injection. Our study suggests that DNA synthesis is mediated by maternal components.
In this study, we followed same methods of ICSI in mouse [9] , hamster [1] and human [39] . We showed that H3K9 was hyperacetylated in both parental pronuclei and human (C1-C4) sperm showed half of their chromatin stained with H3-meK9. All images are labeled for microtubules (green), DNA (blue) and H3-MeK9 (red) (Fig. 2) , but dimethylated H3K9 was asymmetrically distributed and, compared to the maternal pronucleus, the paternal pronucleus was not stained. In contrast, the presence of HP1-β was confirmed in all pronuclei with the anti-HP1-β antibody (Fig. 3) . We also showed that inter-species ICSI oocytes displayed H3-AceK9, H3-MeK9 and HP1-β patterns similar to those of intra-species ICSI oocytes. Similar studies of mouse, sheep and human oocyte fertilization showed that paternal chromatin was associated with highly acetylated histones, as shown by anti-acetyl H3-AceK9 labeling, and that it was rapidly demethylated, as shown by anti-H3-MeK9 labeling [53, 54] .
In general, DNA methylation is associated with gene silencing and heterochromatin formation. A few studies to compare the methylation status of embryos produced by intra-versus inter-specific ICSI have been conducted [9, 53, 55] . In this study, we observed that both pronuclei were relatively less demethylated after human sperm injection and that the male pronucleus was completely demethylated after mouse and hamster sperm injection. The result that the human-derived genome in mouse oocytes does not undergo active demethylation suggests that this process does not depend on maternal factors [56] . It was reported that mouse, bovine and sheep sperm show essentially the same demethylation trend in interspecific hybrids, in that paternal pronuclei are less demethylated in sheep and bovine oocytes, but with maximal or total demethylation in mouse oocytes [9] . The species differences might reflect variation in the efficiency of the demethylating factor, the presence or absence of activators/inhibitors, pronuclear size, or even distinct protein quantities of the putative demethylase [9] . Collectively, our results and those of previous studies suggest that sperm composition contributes to the reprogramming of DNA methylation.
In most animals, the paternal centrosome organizes a functional microtubular aster called sperm aster in combination with the maternal centrosomal components [52] . However, mouse and hamster gametes do not follow the paternal patterns of centrosome inheritance during fertilization. Furthermore, successful and normal fertilization can be achieved by injecting isolated sperm heads into mouse [34] , cattle [35] , rabbit [36] , human [37] , and pig [38] oocytes. This suggests that complete fertilization does not require all sperm components, including sperm centrosomes. Previously, Kim et al. [52] demonstrated incorporation of mouse sperm into metaphase entry in pig oocytes following ICSI. In this study, we demonstrated by staining H3K9 with the H3-MeK9 antibody, which stains only female chromatin, the incorporation of interspecific male chromatin into nuclei capable of metaphase entry and two-cell division in mouse oocytes.
In summary, we have observed fertilization processes in mouse oocytes following injection with mouse, hamster and human sperm. Although epigenetic modification of DNA including DNA synthesis and cleavage in mouse oocytes, occurred in a non-species specific manner. Our research results suggest that the mouse ICSI model using human sperm could be applied to determine the timing of events in human sperm during fertilization, which may have implications for managing assisted reproductive technology in the clinical context.
